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SUMMARY

The degree to which experimental results obtained

'nder choking eondition,_ in a wind tunnel with,
did walls simulate tho,_e a._sociated with an un-

ounded flow with free-dream 3Iach number 1 is

t_vestigated .for the ca._es (_ two-dimensional and

xi.wmmetric flow,s. It is .found that a clo.,'e
e,_emblance does indeed exist il_ the Neildty oJ the

ody, amt that the results obtained in this wall are

enerally at least a.9 accurate as those obtained in a

,an._o_ic wiml tunnel with partly open test .,'ection.

Iome of the results indicate, however, that substantial

_de_:ferenee e_eets, particularly those of the wave

_flection type, may be eneouldered under certain

traditions, both in choked wind tu,nnels and in

,'an._onie wiTul tul_,_elx, and that the reduction qf
_e._e intelfirence effects to acceptable limitx may

equire the u._e oJ model.s _ unusually .¢mall ,size.

INTRODUCTION

It was long believed lhal the phenomenon of

hoking prevented the use of a dosed wind tmmel

o obtain data representative of unbounded flow
:ith free-stream _'laeh number 1, and that the

esults obh6ned under elmldng conditions, al-

hough readily repeatable, were of no general

ractieal importance. A series of lheoretical

lvestigafions, many of whi('h are summarized by

luderley in reference 1, has indicated, however,
hat the flow in the vicinity of the modd raider

hoking conditions has a close resemblance to an

hi)dreaded flow with free-st,'eam .X[a<_h number 1,
rovided the dimensions of the model are suf-

cicntly small compared with those of the test see-

on. Although the import ant question of the mag-

itude of the deviation has been examined for only

very small number of two-dimensional flows past

simple airfoils, principally wedges and flat plates,
it is found in each case that the influence of the

wall is relatively small for model sizes typical of

standard wind-tunnel practice. The results of

these investigations represent an important con-

tribution to the knowledge of nonlinear wind-
tunnel interference effects, and provide a strong

indication, previously unsuspected, that measure-

ments in a ('hoked wind tunnel may be very useful

in the study of transonic flows with free-stream
Madl numt)er 1.

Although some of the theoretical investigations
of the flow in a choked wind tunnel date back

about ten years, very little attention has been

given to the actual use of a solid-wall wind tunnel
to simulate flows with free-stream Mach number 1.

This fact, together with a growing realization that

experimental results ot)tained in transonic wind

tmmels with partially open walls are sometimes

sul)ject to interference effects of large and un-
known magnitude (see, e.g., refs. 2, 3, and 4), has

prompted the present investigation. The purpose

of the investigation is fourfohl: first, to provide an

experimental cheek on some of the quantitative

theoretical results for simple two-dimensio,ml

airfoils; second, to provide information for addi-

tional cases, both two-dimensional and axis31n -

metric, for which the theoretical studies yMd

only a qualitative estimate of the interference
effects; third, to provide additional infi)rmalion on
interference effects at ._laeh numl)er 1 in [ran-

sonic wind tmlnels with partially open walls; and

fourth, to extend further the evaluation of results

of recent theoretical dcvdopmcnts that enable
the calculation of pressure distril)utions for a wide

variety of wings and bodies with frcc-stream ._[ach

number 1, The accomplishment of this mulliple

1
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purpose is sought by following a consistent pro-
ecdurc in which experimental results obtained in a

choked solid-wall wind tunnel are systematically

compared with the corresponding results indicated

both by conventional tests in transonic wind

tunnels att(t by transonic flow theory. Existing

theoretical and experimental results are used

whenever available, but many of the results for

the choked wind tunnel, as well as some of the

other experimental and theoretical results, are
new and were obtained specifically to complete

certain aspects of the investigation.

QUALITATIVE DESCRIPTION OF FLOW

A qualitative understanding of several impor-
tant features of flow in a choked wind tunnel, and

the relation between them and the corresponding

features of an unbounded flow with free-stream

Math numl)er 1, can be had by considering the

pair of dia_ams shown in figure 1. Both dia-

Unbounded flow, Mco =1 Ftow in choked wind tunnel
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FIGI-RE 1. Sketchos illustrating the principal featuros of

lhe flow field in an unbounded slrt.am and in a choked

wind tunnel.

gran=s show the conditions associated with a simple

nonlifting body in either two-dimensional or

axisymmetric flow. The aft part of the body has
been omitted not only t)eeause most features of

flow at Math m,ml)er 1 do not depend on the

shape of this part of the t)ody, 1)ut also to avoid

discussion of complicat ing features associated with

shock waves and, in the ease of a:dsymmetric flow,
with (letails of tll(_ model support system and

with an imbedded region of subsonic flow that
occurs near the rear tip of a complete body.

Consider first the di.lgram on the left represent

ing unbounded flow with free-stream Mact
number 1. Most of the features of this flow ttm

arc important here are associated wifll the soni,

line which extends from the sonic point x=* or

the body to infinity and divides the regions o

subsonic and supersonic flow. The flow is super
sonic downstream of the sonic line and is charac

terized by a system of Math waves which originah

at the surface of the body and t)ropagate outwar(
into the fluid. Those that ori_nate from point:

close behind the sonic point are expansion wave:
and curve so as to intersect the sonic line frou

which they reflect as compression waves. These

in turn, propagate through the fluid and, if th,

body is sufficiently long, strike the body an(

reflect as compression waves. Waves thai; origf

natc from points farther from the sonic pain
intersect the sonic line farther front the body

Finally, there is a limiting wave, which originat(,
fi'om a point on the body designated xL=, whicl

mus_ be situated downstream of the sonic pain-

but upstream of the point of mmximum thickness
that fails to meet the sonic lines even a_t infinitel3

great distances from the body. Inasmuch as th,

waves that originate from points on the body af_

of :rL= can not. have any effecl: on the subsoni(

region unless they coalesce to form a shock wow
that extends to the sonic line, it follows that th(

shape of tit(, part of the body situ'tted downstrcan:

of xL+ can be varied within wide limits withoul

producing any upstream effect on the flow. Ii

may be noted that this restriction is overlookee
in most discussions of the si_mfifieanec of th(

limiting wave, and that some erroneous conclu-
sions have appeared in the literature (see, iv

parti(.ular, ref. 5) as a consequence.

Consider next the diagram on the right repre-

senting flow l)ast the same body in a choked wind
lmmel. As is well known, the Math number o!

the flow far upstream of the model has a definite

wflue less than unity for any given comhination

of model and test section. This quantity, desig-

nated the choking Math number 3[_p,, is not of

great importance in a discussion of flow in a

choked wind tumwl, however, and it is more re-

warding to concentrate on the properties of the

part of the flow field situated in the general vicinity

of the body. As in the case of the unbounded

flow, tltcrc is a sonic line which extends from the

I



SIMULATION OF FLOW "_rlTH

_onic point x* oil the body to the wall and separates
he regions of subsonic and supersonic flow. There

s also a limiting wave which extends from a point

m the body designated az to 1tle point, of inter-

;cotton of the sonic line and the wind-ttmnel w_dl,

md divides the waves from the body into two

amilies according to whether or not they reach
he sonic line and can hence influence the subsonic

'egion upstream. Those that originate upstream
,f .rL reach the sonic line and reflect as illustrated

n much the same manner as in the ease of un-

rounded flow. Those that origim_te downstream

,f XL do not propagate outward indefinitely as in

he ease of an unbounded flow, however, but re-
lect from the solid wall of the wind tunnel with

mehanged sign. These waves lead, if the body is
ufficiently long, to interference effects on the rear

,f the body that are or tim wave-reflection type
amiliar from corresponding studies of interference

fleets in supersonic wind tunnels. It is evident,

owever, that there may be a region of substantial
ize that is free of such wave reflections and within

,'hich the flow in a choked wind tunnel bears at

"asta qualitative resemblance to an unbounded
.ow with free-stream Maeh mlmber 1. It. is

qually evident fi'om 't sinfilar comparison that

he flow in a choked wind tunnel is distinctly

ifferent from an unbounded flow with 3I_ equal
M_,, except it, the limit as the tunnel size in-

teases to infinity relative to the model and 3[_t,

pproaches unity.

Several factors that affect, the degree to which
ow in a choked wind tunnel simulates unbounded

ow with free-stream Much mmlber 1 can be ex-

mined on the basis of the foregoing discussion

qthout resort to a complete quantitative analysis

f the two flows. The most obvious, of course, is

mt the degTee of simuhtlion improves for a given
ody as the size of the test section is increased.

n equally evident, but perhaps more surprising,
'suit is that the wave-reflection type of inter-

'rence on the rear of the body is more likely to
e a problem in tests of a thin body than of a

tick body of the same length in a given test see-
on. The reason is that the local Math nu'n.bers

,main nearer unity and hence the sonic line and

[ach waves are more nearly normal to the flow

irection for the thin body than for the thicl<
)dy. It can also be seen from similar consider-

:ions that wave reflection is more likely to be a
:'oblem in tests of a body with maximum thick-

FREE STREA]V[ 3ffACI-I NUMBER 1

ness far forward than wittl maximum thickness
far aft.

It. shouhl be remarked that many of the inter-
ferenee effects described above also occur in the

study of flows with free-stream *lath number 1 in

a transonic wind tunnel with partly open walls.

The principal differences are that choking does

not occur in a t.ransonie wind Itmnel, and that the

wave-reflection properties of the partly open walls

may be of either sign and are much more compli-
cated th,m those of solid walls. The latter factor

may lead to n reduction in interference effects in

a wind tunnel with partly open walls but does not

necessarily do so, as is evidenced by the resulb
given by Marschner in reference 6 that inter-

ference effects on a double-wedge airfoil, the only
case for which complete theoretical information is

available, are somewhat more than 10 percent

_eater in a wind tunnel with a eomph, tely open

test section (i.e., a sonic free jet) than in a choked
solid-wall wind tunnel. The transonic wind tunnel

has tim big advantage, however, of being capable
or providing data not only for Mach nunlber 1 but

for all Math numbers throughout the {ransonie

range.

TWO-DIMENSIONAL FLOW

The ease of two-dimensional flow is considered

fh'st because of the greater simplicity and com-

pleteness of the theoretical and experimental
results.

SUMMARY OF PRINCIPAL THEORETICAL RESULTS

Consider two-dimensional flow of an inviscid

compressible fluid t),_st a thin airfoil of maximum

thickness t and chord c ]flaced as shown in figure 2
on the center line of a solid-wall wind tunnel

operating in the choked condition. Consider

FIGURE 2.---View of airflfil, coordinate system, and

principal dimensions.
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further that tile height h of the test section is

sufficiently great that the choking Maeh number

is near unity. It is advantageous, for such a class

of flows, to develop tile solution in terms of

deviations or perturbations from conditions asso-

ciated with a uniform flow with sonic veIocity a*
rather than in terms of perturlmtions h'om
conditions associated with the uniform flow that

occurs far upstream in the test section. The

rehmlion of only the leading terms in such a

devclopnlent h'ads immediately to the nonlinear

oqualions of tile small disturl)ance theory of

nearly sonic flow (see, e.g., ref. 1). The principal

equations of this theory are summarized below in
terms of a Cartesian coordimlte system oriented

in such a way that the positire x axis extends in

the downstream direction along the center line
of tile wind tmmel.

Basic equations. -Let [" _,l(t V represent the

components of the velocity parallel to the x and y

axes, and define the 1)erlurl)ation velocity com-

ponents _t and _: in such a way that U-a* Fu
and V v. The quantities u and _,can t)e expressed

in terms of the gradient of a perturbation potential

_, (i.e., u=9_, v-----,pv) that satisfies the following

nonlinear partial differential equation:

3`+l
_,_= _,, _,_,. (1)

where 3' is the ralio of specific heats (3,= 1.4 f0r aii:).

The boundary condi!ions require that the flow be

tangential to the wind-tmmel wall and the airfoil

surface, and be of uniform velocity eomlmtitfle

with the choking Mach number infinitely far

upstream of the model. Tile first coudition

requires that
(_.L=_,!:=0 (2)

The second and third condit ions 'ire approximated

by

an(l

2_t*

v+l (1--]/o,) (4)

where )'(x) refers to the ordinntes of the airfoil

surface, and a,, and T',, refer to the speed of sound

and velocity infinitely far upstream of the model.

The pressure p is n qmmtity of prime interes! and

two different pressure coeffMents arc of interest i

the following discussion. One is the usual ce

efficient (7,p= (p--po,)/q_+, in which p_, anti q_h red

to the values of the static and dynamic pressm'e

that occur infinitely far upstream of the airfoi
Another coeflqcient that is more useful in th

discussion of flow in a choked wind tunnel i

Cr*=(p--p*)/q* in which p* and q* refer to th

theoretical values of the static and dynami

pressures associated with flow a! sonic vebci U
that is, p*=0.5283 p, and q*--0.3698 Pt where I

refers to the stagnation or total pressure. Th

expressions that relate these pressure (.oefl3eieaf

and the velocity are approximated in a nmnm

consistent with tile simplifications introduced i

the (tifferetaial equations and boundary conditiom
thus

Similarity rule.--The eqmdions enumerate

,lbove contain a simihwity rule that relates tl

aerodynamic properties experienced by families (

airfoils of amm,ly related geometry in choked win
tunnels of arbitrary size. The ordinates el a

members of such a family of airfoils are _ven l)

]'/c=rf(x/c) where the thickness ratio r must I

small but is otherwise arbitrary, and the thi('kno_

distrit)ution function f(x/c) nm._t 1)e the same f(

all members of the family. The similarity ru
states that the pressures on the airfoils of th

family are related in such a way that the followic

functional dependence hohls:

G*/_'_=P(Tir,'/_,x/c) ((

where H refers to the ratio h/e of the tunnel heigt
to the airfoil chord. The influence of variatio

of 3' fronl case to ease can easily be included i

this and all of the rehttions that follow, but tu

been omitted in order to take advantage of

slight, gain in simplicity that results h'om tilt, fm

that 7 effectively disappears as a parameter sin(
it has a eonshtnt value of 1.4 in nearly "dl cot

ventional transonic testing in which the workiv

fluid is air at ordinary temperatures and pressure

The similarity rule also indicates the folIowir

functional relation for the choking M'ach numbe

(1 --.1/,.,)/r 2/'_= 3l (Hr _'''_) (:

Siinple considerations of similarity provic

knowh,dge of the pertinent parameters, bt
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cannot provide any information on tile relations

between tile parameters. It is possible, however,

to gain further insight into tilt, interference

effects ill the region upstream of thai influenced

by wave reflection, wit|LOUt accepting the diffi-

ct,lties of solving particular examples in all
detail, by considering the asymptotic behavior

of the flow at great distances from an airfoil.

Ouderley has examined this aspect of the present

problem in references 1 and 7, and has shown

for a general two-dimensional airfoil in a choked
wind tunnel thal the deviation of the wdues for

C_* Kern the corresponding values (C_*)M+=I
for the same airfoil in an unbounded flow with

free-stream Mach number 1 is proportional to
(1--.1/_,) a and inversely proportional to (1,/c')°+:
where c' is some length charaeteris/ie of the airfoil
chord. Combination of /his result and the

similarity rule leads to the following pair of

relations for Cv* and .1/_, for a family of affinely
related airfoils:

:,It ,._¢'_* c,, -(<-,, ).==, P0"/c)

1 ---IL_, Const
(9)

Certain statements regarding tilt, conditions
under which a choked wind tunnel is useful for
tile simulation of an unbounded two-dimensional

flow wiih free-stream Xlaeh numtwr 1 can be

made directly upon examination of equations
(S) and (9). One observes first that the inter-

ferenee effects on the pressure distribution, as

signified by the values for ACe* , are inversely

proportional to tilt, 6/5 power of the height-chord
rat|<> 11 so thai smaller errors result when smaller

models are tested, as is certainly to be expeeted.

Similarly, ACe* is propo,'tional to r4/_ so that

the magnitude of the intc,'ferenee effects is smaller
for thin airfoils than for thM( airfoils. The

quantity (C'p*)M_=_ that is intended to be

simuhtled is proportional to r 2/a, however, and

the result emerges thai the relative error

ACe*/(C_,*)M+=_ is inversely proportional to r 2/5,

and is hence larger for thin airfoils than for thick

airfoils just as is fo,,,,,l to be the ease for tile

wave-reflection type of interference. These equa-
tions also indicate that the quantity 1--3/_n

depends on a different eoml)ination of H and r

than does 3C+,*/(Cp*)M+_, from which it follows

thai the quality of tile simulation cannot be

judged with certainty by ill(, nearness to unity

of the choking Ma<'h numl)er.

Although the fact thai the ratio c'/c is a singh,
constant for all memlwrs of a fami]y of affinely

related airfoils makes it permissible to drop the

distin('tion between e' and c in writing equalions

(8) and (9), it shouhl be recognized that the chord
and maximum thickness of the airfoil are not the

significant lengths associated with wind-tunnel
interference at..Xlach nund>er 1. The reason

is thal it is not the dimensions of the eonH)lete

airfoil that appear in the asyml)totic solution
for the flow at great distances from the ai,'foil,

but tlle dimensions of tile pa,'t of the airfoil lllai

can influence the subsonic part of the flow fiehl.

This point has t)een (liseussed by Barish in reference

S, who suggests the use of the dimensions of

that part of the airfoil forward of the sonic

point, even though it is evident that a somewhat

greater part of the airfoil is actually of significance.

This suggestion, which is based upon observations
of tilt, results of numerical calculations of the

asymptotic flow fiehls of wedges and certain

cusp-nosed airfoils, leads to the following expres-

sions alternative to equations (8) and (9):

AC,* P (x/c*)
r, m = (H.r.,/a)< _ (10)

r,:/a -- (H,r,_/a),,j 5 (11)

in which the quantities H* 'rod r* represent

h/c* and t*/c*, and t* and c* refer to the thickness
and chord of the part of the airfoil forward of

the sonic point. Inasmuch as the two sets ot
functional relations for Cv* and -l/a, are equiwdent

for a family of affinely rehth'd airfoils, the principal

advantage of the latter formulation is thai ihe

funet ion P (x/c*) and the coast ant may be expect ed

to t>e more nearly invarial)le for airfoils that are

not amnely related. An examph, illustrating thai

parameters defined in this way are also of

significance in the correlation of data from
transonic wind tunnels having partly open walls

has been given previously in reference 9. This
example is of particular interest here because it,

confirms lhe result suggested t)y tilt, at)ore con-
sideralions that interference effects at Nlaeh

number I on a family of nonamnely related

smooth airfoils of given chord and thickness
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increase as the point of maximum thickness is
moved rearward across the chord. It should

be noted that this trend is opposite to that

deserit)ed ill tile preceding section for interference

effe,'ts or the wave reflection types.

Application to unbounded flow with free-stream
Mach number 1. TILt, foregoing relations for thc

flow in a choked wind tunnel reduce smoothly and

continuously to the appropriate forms for un-
bounded flow with free-stream _lach numl)er 1 as

the height, h of the test section increases to

infinity, and tile parameter Ilr _/a grows beyond all

bounds for an airfoil of given geornelry. This
eonehision follows from the fact that ACj,* and

1-]L_, are indicated by equations (8) and (9) to

vanish as /Jr m approaches infinity. It follows

further, assuming only that t-'p* is finite and
different from zero, that the quantity [Ir I/a

disappears as a parameter in equation (6) and

that C_*/r =/a is a function only of z/c and airfoil

thickness tlislrit)ution function f(x/c) for un-
bounded flow with free-stream 3,[aeh number 1.

The latter result is, or course, the well-known

transonic similarity rule described by von Kfirmfin
in reference 10.

The theoretical analysis of unbounded flow is

fundamentally simpler th.m the analysis of flow
in the bounded channel or a wind tunnel, and a

number of methods, both approximate and exact,
are now available for the calculation of the pres-

sure distribution on a wide variety of airfoils in
an unbounded flow with free-stream Math number

1. Although these results x_qll be drawn upon

freely in the course of the following discussion, it
would gTeatly exceed tim scope and purpose of the

present summary of theoretical results to attempt

to review these investigations. This body of
information has been reviewed recently in refer-

enees 1 and 3, however, and the reader is referred
to these sources for further information.

Numerical results for interference effects on

wedge airfoils.--The funciion P(x/c) and the con-

stant that appear in equations (8) and (9) depend
on the shape of tile airfoil and are known at the

present time for only wedge and flat-plate airfoils.

Marschner has considered the case of a nonlifting

double-wedge airfoil in reference 6 and has

determined the following expressions for Atop* and

__C_* 1.802FOr/c)
= (12)

r2ia (Hriia)_t5

1 --3I_h 1.127
r2ta -- (iirlta)2t5

(13)

The function F(x/c) varies as shown in figure 3

from a vahw of at)out }_ neat' the leading and

trailing edges to zero at the shouhh,r where the

local velocity is sonic regardless of the relalive
dimensions of the airfoil and the test section, t

.5

F(_-) .2.i.... __

0

0 ,2 .4 ,6 .8 1.0
x/c

FI<iURE 3.--Thi,or('tieal valu('s for the function F(x/c) in

equation (12) for a symmetrical double-wedge airfoil

(refs. I and 6).

The significance of the interference effects indi-
cated by equation (12) can be judged by compari-

son with the values for C_*/r m on the same airfoil
in an unbounded flow with free-stream Math

number l given in reference 11 by Guderley and

Yoshihara and reproduced here in figure 4. An

independent theoretical confirmation of these

results is provided by several relaxalion solutions

given by Morioka in reference 12 for the special

cases in which the height of the test section is such
that the parameter Hr: takes on the values ¢o,

4.3, 2.27, and 1.44. It may be noted thai the

corresponding wdues for the ||eiglit-ehord ratios//

associated with a 10-perceni-tliit'k airfoil are co,

9.3, 4.9, and 3.1. It is found tliat tile correspond-

ing vahies for the transonic similarity parameter,
which _[oI'ioka wriles 'is (=-- (3'+ 1)I/a(Uo, a*)/

a*r 2/a but which corresponds to 201/o,-- 1)/[(_,-4-1)

r] m if the approxqmate relLltion of equation (4) is
int,'oduced, are 0, --0.703, --0.921, and --1.116.

These results lead to values for the choldng Maeh

number of 1, 0.869, 0.829, and 0.795 if the first

form of the parameter is used and to values of 1,

0.864, 0.822, and 0.784 if the second form is used.

: Attention of those who rch.r to reh, rence l for a summary of the above

aualysis is called to thv fact that the ordinates of the plot of the timer|on F

_'iven in Ahh. 100 should he diminished by a factor of I0.

I
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-4.O

-3,O

-2D

-I.0

7-
,.o J

2.0 /

50
0 2 _1_ .6 .8 1.0

X/C

FIGURE 4. -Theoretical pressure distribution on a sym-

metrical double-wedge airfoil in an mlbounded flow

with free-stream Mach number 1 (refs. 1 and 11).

It is informative to compare tile latter set of

results with those indicated by equation (13),

namely, 1, 0.864, 0.825, and 0.791. It. can be

seen that the results fox' the largest choking Mach

number less than 1, and therefore for the largest

finite height-chord ratio, agree perfectly, but that
small deviations of increasing" magnitude are

apparent as the height-chord ratio and the choldng
Mach number are diminished. Such a lrend is

entirely consistent with the expected properties of
the two sets of results because Marschner's

analysis is based on the assuml)tion that lit '_ is

sufliciently large that only the leading terms need

be retained, whereas this approximation is not
introduced in the relaxation solutions of Morioka.

The differences between the tvvo sets of results are

thus of particular interest because they provide a

measure of the importance of the contribution of

the higher order terms omitted it, the analysis of

Marsehner. It must, of course, be assumed in

nlaldng this statement t]lat the relaxation calcu-

lations o[ Morioka are sufficiently accurate that

differences of this magnitude are actually sig-
nificant.

54S698 60 --2

The corresponding results for a lifting flat I)lalc

in a choked wind tunnel have been given by
Guderley in references 13 and 1. Although the

expression for P(x/c) and the value for the con-

stant that appear in equaiions (8) and (9) are

naturally different from those indicated above for

the nonlifting double-wedge airfoil, it is found that

the numerical values are of aboui the same magni-

tude when the thickness ratio r is replaced by the

angle of attack in radians.

Additional resuhs, approximate by Kusukawa

(ref. 14) and exact by Helliwell (ref. 15), are also

awfilable for the case of free-streamline flow past

a single-wedge airfoil. It is found that the

numerical values for 2_Cp* for a given value for

.1[_, agree well with those determined by t_,[ai'sch -

ner for the front wedge, but that the relation
between .l[_n and Hr m is much different for free-
streamline flows than for flows such as considered

by 5{arschner, Morioka, and Guderley in wtfich

acceleration to supersonic velocities through a

Prandtl-Meyer expansion occurs at a convex

corner. This difference extends not. only to the

constant, but also to the functional form of the
relation in that the exponent. 2/5 that appears in

equation (9) is replaced by 2/3 in the free-stream-
line solution of IIelliwell. The difference is to be

anticipated as a consequence of the fact that, the

choking Maeh number in free-streamline flow de-

pends on the ultimate wi(lth of the wake, which is

considerably greater than the maximum thickness

of lhe airfoil, and is associated with a correspond-

ing difference between the asynlpt,otie solutions

for the flows at great distances from the airfoil.

It is appropri_,te to remark before dosing this dis-
cussion that two other values for this exponent,

namely, 2/7 and 1/2, are indicated by the approxi--

mate solutions of I(usukawa for free-streamline

flow, and Helliwell for unseparated flow. The

former theory is based on the use of Imai's W-KB

approximation (see ref. 16 for a r6sum6), and the

latter on introduction of an assumption used

previously by Colt' (ref. 17) and also by Weinstein

in reference 18 (see ref. 19 for a conlme,ltary), that

the sonic line ext,,nding fi'om the shouhh'r of the

wedge is straight anti normal to the flow at infinity

upstream. All of t.he theories yield very nearly

tlhe sanle results rot' tlw values for C_* on the

surf,tee of the wedge at a given value of 3[o,

however.
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Numerical results for conditions along the
wall. -Further insight into tile nature of flow in

a choked wind tunnel can be gained by considera-

tion of the pressure or local Math mmfl)cr distribu-

lion along the wall of the test section. The perti-
nent resu]t,s fi'om two independent investigations

are summarized in figure 5. The line represents

°.8 L

i-M
I- 5'fch

8

-8

1Arbitrory oirfoil, Guderley I

Double- wedge oirfoil, r: I-L0
Morioko (ref. 12)

o H=4.9
1:3H=51

i
-.6 .4 - 2 0 2

h _ch

FIGt'ItE 5.--Pressure and local Math number distributions

along the wall of the t('_t section of a choked wind

tunnel.

the values for either Cp*/'Cp_n* or (1 --3/)/(1 --3/o,)

indicated by the theoretical investigations of

Ouderley reported in references 20 and t? It is

apt)lit'able to any thin airfoil in a large wind tunnel

operating in the choked condition. It. should be

noted, however, that the theory does not provide
any eorrespondhigly general relationship for the

values for 3[_n or Cp_a associated with an arbibrary

airfoil, nor any ilfformation rt'garding the location

with respect to the airfoil of the station along the

wall z_* at which sonic velocity occurs.

The symbols represent the wtlues indicated by

the rehxation solutions of Morioka (ref. 12) for

the conditions along the wall of a choked test,

section for the special case of a 10-perccnt-t.tlick
double-wedge airfoil. Two sets of results are

shown. One represents the conditions associated

with a test section having such dimensions that the

lwight-chord ratio H is 4.9, the other that H is 3.1.

2 At tt,ntion of tho_ who refer to t,ither of these references for further details

fs called to the Net that the abscissas of tile plots corresponding to figure ,5
shouM be increased by a factor of 10.

Tl:e approxinlate relation of equation (4) has been

used ill the calculation of the choking Math num-

ber, and the resulting values for the two cases arc

0.822 and 0,784 as holed in the preceding section.

The results are thus comparable with the analytic

results of G1Mcrley except, once again, for t,hc

consequences of the fact that only the leading

terms for large [It _/3 are retained in the latter

analysis. It can t)c seen that the general trends
indicated by the two theories arc qualitatively

sinlilar, but that quantitative differences of a

syslenlatie nature exist .mmng th(, three sets of

results. It can be seen, in particu]ar, that the

numerical results of Morioka for the large wind

tunnel agree closer with the analytic results of

Guderh'y than do the nunlerical results for the

smaller wind tunnel. This trend is very similar
to that indicated for the choking Maeh number in

the preceding section, and it is entirely consistent

with the expected properties of the two theories.

The results of Morioka not only essentially

confirm but supplement the more general, but

h,ss detaih'd, results of Guderley since t,he re-

laxation method provides complete information

on conditions throughout the part of the field in
which the flow is subsonic. The location of each

of the synlhols shown on figure 5 is thus deter-
mined not only with respect to the sonic point

x,,*, but also with respect to the airfoil. They

range from a station 0.07 chord lengths upstream

to a station 1.15 chord h,ngths downstream of the

leading edge for the case in wlli(.h H is 4.9 and

from 0.05 to 0.93 chord lengths downstream of the

leading edge for the case in which H is 3.1. Tlm

downstream station in both cases is, of course,

the sonic point. A result of particular imercst is

the rapidity with which the values of Cp/C,_ h and

(1--31-)/(1--Men) increase fi'om zero at the sonic

point toward unity associated with con(lilions

infinitely far upstrcanl. It. may be observed, in

parlieuhu', that this process is about four-fifths

completed at a point on the wall opposite the

leading edge of the airfoil in each of t,hc special,

but not untypical, cases considt,red by Morioka.

COMPARISON OF EXPERIMENTAL AND THEORETICAL

RESULTS

Consid(,ration of tile theoretical results sum-

marized in the preceding section leads naturally

to questions concerning the accuracy of the quan-

titative results, the general applical)ility of the

qualitative results, and most of all, the degree to
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whichresultsof testsconducted in a conventional

solid-wall wind tunnel operating in the choked

condition can be used in the investigation of

essentially unbounded flows with free-stream

Much number 1. Insight into the answers to

these questions is sought in the following discus-

sion by examination of a number of comparisons
of experimental and theoretical results for repre-
sentat iw, airfoils.

Double-wedge airfoil. Consider first the case

of a nonlifting symmetrical double-wedge airfoil

in a choked wind tumM, for which the pertinent

quantitatiw, theoretical results are sumnmrized

in the preceding section. Figure 6 presents the

resuhs for tim pressure distribution on the airfoil

surface for a particular example of such a ease in

which a 10-percent-tlfick airfoil with a 4-inch
chord is mounted on the center lille of a test

section of rectangular cross section having a

height of only 4}J inches. This example repre-
sents an extreme ease of a relatively large model

in a small wind tunnel, and is useful to consider
here because the wall-interference effects are

displayed in a clear and pronounced manner.

Several sets of results are included on figure 6.

The solid line represents the theoretical pressure
dist,'ibution on the surface of a 10-percm_t-thick

double-wedge airfoil in an unbounded flow with

free-stream Math number 1, and the broken line

represents the corresponding result for the same
airfoil in a choked wind tunnel having the relative

dimensions stated in the preceding paragraph.

These pressure distributions are calculated using

the theoretical results of Guderley and Yoshihara
and of Marschner that are summarized in more

general form in equations (12) and (13) and in

figures 3 and 4. These results also lead to a
theoretical value for the clinking Much number

.lf_h of 0.695 for the conditions of this particular

example.
The data points shown in figure 6 represent

experimental values for Cv* determined from

tests conducted under choking conditions and

reported t)3" Nelson and Bloetscher in reference 21.

Three sets of points are presented indicating the
results measured with different pressure ratios

across the test seetion. In each case, however,

the static-pressure measurement on the wall

upstream of the model indicates the same value
for the choking Math number, namely, 0.70.

The pressure distributions indicate, and the

schlieren photograt)hs given by Nelson and

Bloetschcr confirm, that a normal shock wave is

situated qbout midway along the chord of the rear

wedge when the pressure ratio across the test

section is just sufficient for choking to occur.

Increasing the pressure ratio results in a rearward
movement of the shock wave across the chord,

but ahnost no change in the pressure distritmtion

upstream of the shock wave, much as in the very

cIoscly related case of flow in a Laval nozzle. At,

the highest pressure ratio, tile normM shock wave
has moved downstream of the airfoil and only an

oblique shock remains extending dowalstream
from the trailing edge. The latter case is more

represenlalive of the situation that arises in the

course of typical wind-tunnel testing in which
the dimensions of the test section are much larger

with respect t.o those of the model than in the

present example. These observations serve to
call attention to the fact that it is necessary, when

using a choked wind tunnel to simulate un-
t)ounded flows with free-stream Math number 1,

to assure that the pressure ratio across the test

section is suflie.ient not only to assure choldng, but
also to force the shock wave to move either to its

most rearward station or to a station downstream

of the region of interest.
It is evident from the theoretical results sum-

marized in the preceding sections that the dimen-

sions of the model in this particular investigation

are too large with respect to those of the test

section for Cv* measured under eholdng conditions

to resemble closely tlle vahws for Cp in an un-
bounde(l flow with free-stream _.[ach number 1.

It may be observed, however, that the theoretical

and experimental results for both Cp* and 3[_h
in the choked wind tunnel are in essential agree-

mont. Even this agreement is somewhat sur-

prising in view of the fact tha.t tile size of the
model relative to the test section and the magni-

tude of the velocity perturbations, particularly

upstream of the model, appear to l)e too large to

be eompatibh' with the small disturbance ap-

proximations fundamental to the theory. It
shouhl be netted, however, that nanny similar

cases have been observed previously in the course

of comparison of theoretical and experimental
results for flows that are essentially unl)oun(h,d

(see rcf. 3 for a r6sum6).

It. is of interest., 1)efore leaving tlw present, topic,

to compare the results shown in figure 6 with the
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,orresporiding experimental results given l)y
(nechtel in reference 22 for the pressure dist,'ibu-

ion at Math number 1 on a 7.87-percent-thick

louble-wedge airfoil of 5-inch chord in it two-

li,nensional transonic win(1 tmmel having perfo-

ated walls with 5-percent open area. The dimen-
ions of the. cross section of lhis wind tunnel are 35

ly 12 inches. Th:, experimental results for this

mrlicuhlr case arc shown in figure 7 together with

lie corresponding theoretical results of Guderley
.nd Yoshihara (ref. 11) for the same airfoil in an

mtmundcd flow with free-stream Maeh nuniber 1,

nd of Marscliner (ref. 6) for die same airfoil in
,oth a chol(e(l solid-wall wind tunnel and in a

onie free jet. The htt.ter restllts are Wen by an

xpression identical t.o equation (12) except for

he replacement of lhe co(,lfieient 1.802 by --2.037.

t is to be anticipated that the theoretical pressure
istribution for the airfoil in a transonic wind

unnel with partly open walls would fall some-

here between those for the open jet and the
:,1i(1 wall. Examination of the results shown on

gure 7 reveals, however, that the experimental
_sults differ from the theoretical results for an

ilbounded flow 1)3" an amount that exceeds the

heoretieal arnonnt for an open jet,. Although

he discrepancies are reasolial:,iy snlal], when

lowed in terms of uncertainties that usually

revail in transonic win(l-tunnel testing, they

la) be significant since they appear to be at least

ualiiaiively similar to lhose observed in a large
uniber of similar comparisons in reference 9.

_,does not appear itmt all of the differences can

e attributed to the wind-tunnel wall interference,

owever, inasmllch as tile results of tests in a

raked solhl-wall wind iunriel shown ill figure 6,

well as addilional comparisons wilh the experi-
ielltal da|a of Liepmann and Bryson given in

'forenc(' 2,':{, all (lisphl.'l" discrepancies of the same

meral nature. A possible a(hlitional source for

_rl of the discrepancies may be assoeiate(l wilh

mditions in the vicinity of the sharp shoulder of

doubh'-wedge airfoil, where lhc ealeulated results

spl'ly an infinite pressure gradient in violalion

• the assumplion of snlall perturbations funda-
ental to llle theory, and where viscous effects of

Jbstanlial magnitude may 1)e expected to occur.

Circular-arc airfoil.--Further insight into tlie

_gree to which the pressure distribution on an
rfoil in a choked solid-wall wind tunnel eorre-

lends to that for an unbounded flow with free-

stream Math nuinber 1 can be gained by examina-

tion of the results presented in figure 8 for a
nonlifting circular-arc airfoil. The experimelttal

results are from measurements reported by
Knechtel in reference 22 of the pressures on a

a-percent-thick airfoil of 6-inch chord in the 35-

by 12-inch two-dimensional transonic wind tumid

referred to in the preceding paragraph. Two sets

of data points are shown on this ph)t with the axes

displaced fronl eacli other for chu'ity of presenta-

tion. The lower set of points represcn{ the expel'i-

mental results obtained with the wind lunnel

operating in the normal manner with the perfora-
lions open and an indicated Mach number of 1 in

/.lit, lest. section. The upper set of points repre-
senls the experinlenlal dala oblained with the

same model ill the same wind tunnel, but wiih die

perforations sealed and lhe tunnel operaling in

the choked condition. The curves represent the

theoretical pressure distribulion indicated by an

approximate sohllion of the equations of Iransonie

flow theory given in reference 23 for unbounded

tlow with free-stream 5'[aeh number 1 past..l.
ti-I)ereent-lhick eireular-are airfoil. The two

curves represent the identical results for tile two

coordinate systems, and serve as eonvenientrefer-

enee lines in lhe comparison of the two sels of

experimental data.
It. can tie seen that the various rcsuhs inchlded

in figure 8 are in substantial agreemellt, altllough

certain systenlatic differences are clearly visible.
The differences are sniall, however, ,llld it is

diflirult, in view of the approximate nature of lhe
theoreiical results and the undoubted presence of

interh'rence effects in lhe experimental results to

form any definite conchisions regarding the rehl-

tive merits of lhe three sels of results. It may,

new,rtheless, be of significance to note that a

major part of lhe differences is consislenl with

properties of both lhe experimental and theoretical
results thai have been observed previously in other

eonneelions. It, may be noled, for instance, that

the experimental resulis from the lesls with the

perforalions open indicate values for Cp that are

slighlly more ncgalive at nearly all points along
the chord than lhose from the tests with the

perforations closed and tlie l.umlel operating in
tlie choked condition. The difference is qu'lli-

tatively consistent with the theoretical restllts of

_.[arschner for the double-wedge airfoil, wilh the
t.heoretieal expression given in reference 4 for wall-
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interference effects for transonic wind tunnels with

porous or perforated walls, attd with the general
observation that most transonic wind t unnels seem

to exhibit wall-interference effects at. Math num-

ber' 1 that more or less resembh, those of sonic jets.

These considerations suggest that the values for

Cp for an unbounded flow with free-streanl Math
number 1 are somewhere intermediate between the

two sets of experimental results shown in figure 8,

and are thus slightly greater in magnitude over
tile rear part of the airfoil than tile values indicated

t)y the approxima, te theory of reference 23. Such

a conclusion is consistent: with the observed prop-

erties of an approximate solution calculated 1)y the

method of reference 23 for an airfoil only slightly

difft'vent from a 6-percent-thick circular-arc airfoil

that is presented in reference 3 together with the

corresponding results for the same airfoil ealcula ted

by Noeilla (ref. 24) using the more accm'atc

mathenmti('al model for transonic flow proposed
by Tomotika art(1 Tamada in reference 25. Con-
sideration of these and similar observations leads

to the tentative conclusion that the results from

tile choked wind tunnel are perhaps as close to the
desired results for an unbounded flow with free-

stream Math nunlber I as any of the three sets of

results shown in figure 8.

NACA 64A008 airfoil. -A set or experimental

results illustrating the effect of tile relative size

of the model 'rod tile test section on the pressure
(listribution measured in a choked wind tunnel is

presented in fignre 9. These results, which are

obtained from reference 26 by Larson and S6ren-

s6n, are for two-dimensional flow past a nonlifling
NACA 64A008 airfoil of S0-millimeler chord, and
the tests were conducted in five alternate test

seetions inserted as liners wilhin lhe larger test

section of a single wind tunnel. One of tilt, liners

has slotted walls with 2-ltereenl open area, so lind
the test section simulates that of a transonic wind

tunnel having dimensions 274 by 78 millimeters.
The data from the measurements made in this

test section at an indi('ated Math number of 1 are

represented 1)3" circles in the lower part of figure 9.

Tile other liners had solid walls, and tile remainder

of the data shown in figure 9 was obtained with

the tunnel operating in the choked condition. The

dimensions of the largest of the four It, st sections

with solid walls, for which the results arc indi-

rated lly squares in both tilt, upper and lower parts

of figure 9, are the same as those of tlle slolted

test section. The other test sections are all of tile

same width, 78 millimeters, but the inserts were
installed so that the height was reduced to°210,

150, and 119 nfillimeters. Larson and S6rens6n
were concerned primarily with a study of the

effects of the wall boundary layers, and presented

many results in reference 26 for cases in which the

thi('l<ness of the boundary layers on the liners

with solid walls were artifically increased. Al-

though the effects on tilt, pressures on tile airfoil

surface were generally foumt to be very small,

only those measurements obtained with the thin-

nest boundary layers for each wall configuration
are used in the present paper. No theoretical

pressure distrilmtion for an NACA 64A008 airfoil
in either bounded or unbounded flow with free-

stream Math number 1 is available at tile present

time for inclusion with the experimental results

of figure 9.
It can be seen fi'om an examination of tile data

shown in figure 9 that the results from tile tests in

tile largest test section with solid walls are ahnost
identical with those from tile tests in the slotted

lest section, and that the results in the smaller
test sections deviate a small, but significant

amount from those ill tile larger test sections.

It is interesting to observe that tile differences
between the results measured ill tile various test

sections with solid wails are in ahnost perfect

ag'reement with tile prediclions of tile similarity

ruh, given by equation (8), which states that tile
difference between tile results measured in the
150 and tilt, 210 millimeter test. sections shouhl be

very nearly equal to the difference between the
results measured in the 119 and 150 millimeter

test sections, anti that the difference between the
results measured in the 210 and 274 millimeter

test sections should be about three-fifths of the

same quant it3".

These same considerations indicate that the

results from the 274 millimeter lest section are

not entirely free of significant wind-tunnel wall

interference, and that the interference-free pres-

sure distribution shouhl be indicated in figure 9

by 't curve disl)laeed in tile upward direction from

the data points for tile 274 millinleter test section

by an amount that is very nearly equal to the
difference between tile results for the 274 and

150 millimeter test sections. Tilt, application of

such a correction wouhl, of course, destroy to a

sligh! deg'ree the nearly perfect agn'eement that
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exisls in figure 9 between the pressure distributions
measured in the largest test section with solid
walls and in the test section with slotted walls.

It is important to realize, however, that the results
ill the slotted test section should not be taken as a

definite standard for unbounded flow with free-

stl'eam Maeh number 1, since they too are influ-

enced by wind-tmmel wall interference that

depends not only on the relative dimensions of the

model and the test section, but also on the details

of the design and construction of the partly open

walls. This matter may be of particular signifi-

cance in the present case, since the ratio of open to

closed area is only 0.02 for the test section in which

the data of figure 9 were measured, whereas that of
most transonic wind tunnels is considerably

greater.
Larson and SOrensdn also in('lude data in refer-

enee 26 for the pressure distribution on the same
NACA 64A008 airfoil measured in slotted test,

sections of various heights having ratios of open

to closed area of 0.02, 0.04, and 0.08. The results

for tile largest test sections, all of which have a

height of 274 millimeters, are shown in figure 10.
It can be seen that the pressure distributions

change in a systematic manner with the ratio of
open to closed area and that the values for Cp*

become more negative over most of the airfoil
as this ratio is increased. Such a behavior is con-

sistent with the known tlworetical and experi-

mental results for a sonic jet, which corresponds

to tile limiting case of a transonic wind tunnel
with completely open walls.

TILe example given in the preceding paragraph

illustrates the uncertainty that prevails in pre-

cision testing in transonic wind tunnels with

partly open walls. It is of interest, before leaving

this topic, to present additional experimental
results from reference 26 to show some of the diM-

eulties that arise in even the detection of the

presence of significant wall interference in such
wind tunnels. The results are presented in three

sets with displaced axes in fig,alre 11. Each set of

results represents data obtained with a single
model and with a single ratio of open to closed

area, but with test. sections of different height. It

can be seen that the pressure distributions meas-

ured on the forward part of the airfoil in test

sections of different size but of a single ratio of

open to closed area, tend to be in agTecment,
but tlmt the results obtained in test sections

of different ratio of open to closed area differ

sigTdficantly from each other. This observation,

together with the fact that the pressures on the

forward part_ of an airfoil at fi'ee-stream Maeh

number 1 are independent of the shape of the rear

part of the airfoil over a wide range of vari'dions,

,learly illustrates the important effects associated
with the details of the construction of the walls of

the test, section of a transonic wind tunnel. It is

'dso apparent that these effects may be of suffi-

cient significance to introduce difficulties in the

experimental assessment of the magnitude of wall-

interference effects in transonic wind tunnds by

the usual method of testing different size models

in a single test section. It can also be seen that

the pressure distributions measured on the rear

part. of the airfoil vary appreciably as both the
dimensions of tile test section and the ratio of open

to closed area are changed, and that the pressures

become more positive, in general, as the size of the

test section is reduced and as the ratio of open to
closed area is increased. The effects observed

with the smMler and more open test sections are

probably associated with wave reflection phenom-
ena in which expansion waves emanating from the

forward part of the airfoil are not perfectly can-

celed by the slotted wall, but are reflected back to
the model as compression waves, more or less as

from the boundaries of an open jet.. TILe relative

magnitudes of the incident and reflected waves

depend, of course, on the det'dls of the geometry

of the walls. The nature of the resulting inter-

fcrence effects on the pressure distribution is quite
different from that experienced on the forward

part of the airfoil, however, and the apparent.
attainment of small interference effects on one

part of the airfoil is no guarantee that interference

effects are small on other parts.

The choking Math number is also a quani,ity

of interest, and Larson and SOrens5n give the
measured values for each of the cases for which

the pressure distribution is shown in figure 9.

They are 0.892, 0.873, 0.846, and 0.823, with the

wduc for the largest test section listed first.
These results are shown in figure 12 in terms of

a plot of 1--3f_j, versus the two-fifths power of

the chord-height ratio, as suggested by the tran-

sonic similarity rule given by equation (9). The

results should form a straight line through the

origin. It can be seen that the four experimental

points do, in fact, determine a reasonably straight
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Fro, r mE 12. -Varialion of choking M'_ch m]mb,,r wiHt

the two-fifths power of [he chord-height ratio for an

NACA 64A008 airfoil.

line, but that its extension does not pass through

the origin. Tile reason for this discrepancy is
not known, but it is probably significant thai

additional results given in reference 26 indicate

that the ehoMng Math nunlber is influenced to

a substantial degree by the thickness of the boumt-

ary layer, and |hat the choking Maeh number
decreases in each of the teat sections as the

boumhtry-layer thickness is increased.

ADDITIONAL REMARKS FOR T_'O-DINIENSIONAL FLOW

It is possible to ulilize results available in

scattered publications to provide several addi-

tional examples in whMl two-dimensional experi-
mental results h'om solid-wall wind tunnels

operating in the choked condition are compared
with those from transonic wind tunnels with

partly open walls. Interference effects of the

wave reflection type are seldom of significance
in two-dimensional tests involving models and

test sections of the usual proportions, and it is

found thai the agreement between the results is

generally M)out the same as that illustrated in

the preceding examples provided, of course, that

sufficient power is applied in the choked wind
tunnel to force the shock wave to either its most

downstream position or to a position (townstreanl

of the region of interest. A set Of residts thai
illustrates the magnitude of the effects that may

be encountered when insufficient power is al)l)lied

in tests more typical of customary wind-tunnel
practice than those des(,ribed in connection with

fi_]re 6 is presented in figure 13. These results

are from reference 26 1)y Larson and SSrensdn

and represent once again the values for C_,*
measured on the surface of an NACA 64A008

airfoil of 80 millimeter chord in a test section

having a height of 274 millimeters. All of the
measurements are from tests con<lucled with the

teat section operating in a nominally choked
condition, but the indicated choking Mach

number varies through a range extending from

0.870 to 0.892. It is evident from these results,

and also from the corresponding results for the

double-wedge airfoil given in figure 6, that the
use of a choked solid-wall wind tunnel to simulate

unbounded flow with free-stream Maeh nunlber

1 may require the application of power somewhat
in excess of that sufficient for the bare attainment

of choked flow in the lest section.

Results from a choked wind tunnel can some-

times be used to determine the pressure distribu-
tion on the entire airfoil even when sufficient

power is not availabh, t>y discarding the measured
pressure distribution over the rear part of the

chord and replacing it: by a calculated pressure

distribution determined by application of simple

wave theory. Such a ealcuhtion can be based on

the exact rehttions fi'om the Pr,mdtl-Meyer solu-
tion for flow around a corner, but it is frequently
more convenient and ahnost as accurate to use

the following approximate relation derived in
reference 23 from tile corresponding solution of the

equations of the small disturbance theory of
transonic flow:

G* =-_ LL--- 2r_/3 J

_32_.IY'(x)-Y'(X)I) _/_ 04)

where Y' refers to dI'/clx, Xrefers to the coordinate
x of the station at which the calculated and meas-

ured results are joined, and Cp*(X) and Y"(X)

refer to the values for Cp* and Y' at X. As noted

in reference 23, the pressures computed over the

rear parl of the airfoil with either the exact or
approximate expressions for simph, wave theory

tend to be somewhat 1oo negative because the

influence of the family of incoming compression

waves arising h'om the sonic line is disregarded.
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The error is small in most eases, however, since the

calculated results are applied to only a relatively

snmll region near the lrailing edge. An example

of the resuhs obtained l)y application of this pro-

cedure for the computalion of the pressure distri-
bution on the rear part of an airfoil is provided by

the dashed line in figure 13. These results have

been computed using equation (14) together with

lhe experimental value shown in fi_we 13 for

Cp*(-Y) at the midpoint of the airfoil at the largest
choldng Math number. It can be seen that the

results conllmted by this simt)le procedure are in

relatively good agTeement with the experimental

pressure distril)ulion observed at the largest chok-

ing Math number, which has, in turn, been shown

to be a good approx-imation for the pressure dis-
h'ibution on an NACA 64A008 airfoil in an un-

bounded flow with free-stream 5[ach number 1.

It shouhl be emphasized before closing this dis-

eussion that the atlainment of agreement between

pressure dish'ibulions on an airfoil and a choked
wind llnlllel alld in an unbounded flow with free-

stream ,Macll nunlber 1 requires that lhe wind-

tunnel data 1)c presented in terms el' (7., or some

other quantily such as the local .Xlach number or

the ratio of static pressure to stagnalion pressure,
that does not involve the use of the static pressure

measured Ul)streant ()f Ihc model as a reference

pressure. This requiremenl ex('ludes, in particu-

lar, the use of the ordinary pressure coefficient

Cv Iha! is eonvenlionally eml)loyed for the presen-
tation of most wind-tumwl data. Fi_mwe 14 has
been included to illustrate the nature of the com-

parisons that are observed between the results

shown in the lower part of figure 9 for lhe solid
and slotted test sections 274 millimeters in height

when the pressure distributions are represented in

terms of (',. It can be seen that the two sets of

results are displaced from each other by an amount

that is nearly constant across the etmrd, and that

the agreement which is observed in figure 9 when
the two sets of results are presented in terms of

Cp* no longer exists. A lhird set. of results from
reference 26 are included on figure 14 represenling

the values for C,, measured in the slotted test see-
lion at an indicated Maeh number of 0.892. It

can be seen thai these resulls also differ sul)shm-

tially from those measured in the choked test
seclion at the same indicated Math numl)er, as

might be expected in view of the well-known con-
clusion that results obtained in a choked wind

hmnel are not only quantitatively, but qualita-

tively, different h'om those in an unbounded flow
with h'ee-stream Maeh number equal to the chok-

ing _[actl number.

AXISYMMETRIC FLOW

The case of axisymmetrie flow around 't slender

pointed body of revolution of arbitrary shape is

considered next. Although this case, which repre-

sents lhe simplest examl)le of flow past a three-

dimensional body, is of considerable interest in

ils own right, it: possesses an importance in the

study of transonic flow that considerably exceeds
that whiell is normally associated with axisym-
metric flow. The reason is that the transonic

equiwdence rule (see rcf. 3 for a rdsum6) relates
the solution for three-dimensional flow around a

slender body of arbilrary cross section to the solu-
lion for the simple prot)lem of axisymmetrie flow

around an "equivalent" nonlifling body of revolu-

lion having the same hmgitudinal distribution of
cross-section area.

SUMMARY OF P1RINCIPAL TItEORETICAL RESULTS

Consider axisymmetric flow of an inviseid com-

pressible fluid past a slender body of revolution of

length 1 and maximum diameter d placed as shown

in figure 15 on the center line of a circular test see-
lion of di,meler D having solid walls amt operating

Ff?{x) [- d

Fic, v'ae 15. View of body of revolution, coordinate

system, and principal dimensions.

in the choked condition. It is considered, just as

in the preceding discussion of two-dimensional

flow, that the diameter of the test, section is suffi
ciently great that the choking Mach number is

near unity, and the solution is developed in terms
of deviations from conditions associated with a

uniform flow with sonic velocity. Retenlion ot"

only the leading terms in sueh a development leads

!l
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once again to t.he nonlinear equations of the small

disturbance theory of nearly sonic axisymmetric

flow. TIle principal equations of this theory are
summarized below in terms of a cylindrical coordi-

nate systenI orienled in such a way that the posi-
tive x axis extends in the downstreanl direction

along the cenler line of the wind tunnel. The dis-

cussion of these equations and or some of the more

pertinent results is organized in a manner that

parallels that employed in the preceding section
on two-dimensional flow, but is presented more

briefly so as to eliminate unnecessary duplication
and to focus attention more clearly upon the dif-

ferences between axisymmetric and two-dimen-
sional flows.

Basic equations. -Let U and I_L represent lhe

components of the velocity parallel to the x and r

axes, and define the perturbation velocity compo-

nents u and v, in such a way that U--a*+u and

l_3=v,. The quantities u and _,, can be expressed

in terms of the gradient of a perturl).ltion potential

so that satisfies the following nonlinear partial

differential equat ion :

so,,+ J; _,+1 (1.5)
so,_ soa_o_x

The boundary conditions for axisymnlelric flow

pasl a body in a choked wind lunnel are physically
the s_me as those slated verbally in Ihe preceding

discussion of two-dimensional flow, bul certain

differences in nomenchil ure and in the behavior o['

the sohltiou in the vicinity of the body make il

necessary to rewrile the nmlhematieal expressions
for some of these conditions. The boundary con-

ditions at lhe wind-tunnel wall and at, the body

that are given for two-dimensional flow by equa-

tions (2) and (3) are thus replaced by the following

pair of expressions:

(so,),=DI2=0 110)

,RdR a* dS (17)0"so.).=0=a 7Ix 2,_ ,1,

where R(x) and S(x) represent, respectively, lhe
o:rdinates and cross-section area of the body. It is

riot. necessary, on the other band, to change the
mathematical expression for the boundary condi-

tion represented by equation (4), and this relation

applies equaIly to two- and three-diniensional
flows. The expressions that relate the velocity

and the two pressure coefficients Cr* and C'p for

axis3qnmetric flow are also somewhat different

from the corresponding expressions for two-

dimensional flow given by equation (5), and are
a.s follows:

2so,, {dR"_,#,_ 2lso,--(so_) .... ] (dl?"_ =
C.*- a* \ dx } " a* \ d, }

(is)

Similarity rule. -The equations for axisymmeLric
transonic flow enumera.! ed above contain a similar-

ily rule that relates the flow fiehts associated with
families of l)odies or affinely related geomclry in

choked wind tunnels of arbitrary size. Various

members of such a family of bodies may be of

different length 1 and thickness ratio r, but M1

must have ordinates given by an e.xprcssion of the

form R/l=rf(x/l) where the thickness ratio must
be small but is otherwise arbitrary, and the thick-

ness distrit)uti(ni function .f(x/l) nmst be the same

for all nlembers of the family. If the subscripts 1
and 2 refer to two different members of a given

fanlily, lhe simihlrily rule sta, tes that the, pressure
coefficients at corresponding points defined by

given values for x/l and rrll arc related according
1o

Up2* ('pl*
_ (19)

T2 2 TI 2

provided the diamet(,rs of the two wind tunnels are
rehtled in accordance with the following expression:

_#_ nD, 110)

where D refers Io lhe ratio DII of the tunnel

diameter to body length. The similarity rule
also indicates the following relation between the

choking Ma('h numbers for the two flows:

l --.15n2.= 1 --.1I<_, (21)
T2 2 Ii 2

The similarity rule given above cannot be used

directly to relate the surface pressures on bodies

having different tliickness ratios because the
ordinates of related bodies do not conform with

the relationshil) for corresponding points. Thus
the *"coordinate of a point in the vicinity of body

2 that corresponds to a point on the surface of

body 1 is given by

r= (r,'_ z (22)
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Oswa!itseh and Berndt have shmsm in reference

27 thal_ a simihu'it:_" rule can be established for

the surface pressures on aflinely related bodies of
revolution in unbounded flow if it is assmned that

Ihe hmgitudimd perturbation velocity eomponenl

u is given by an expression of tile form

a* d_'S
u=2--_ _ In r+g(x) (23)

in the vicinity of the body. This relation permits

the cah'ulation of the difference in pressure be-

lween the point r_ and the surface of body 2.

ApplicatiotL of the same relation to the case of

axisyminetrie flow in a choked wind tunnel leads

to the following similarity rule for the surface

pressures :

c +s' -% (24)

provided slill tha| |he dimensions of the bodies
and wind tunnels are related in accordance wilh

equation (20). This rule can t:,e expressed in

I'unctiomd form sinfilar lo tim! given by equalinn
(6) for two-dinwnsimml flow, in which case the

appropriate expressions for the pressure coeflleien!

and the choking Nlach mlmbev are as fi>llows:

_-_L"==._I (_) (2s)
7""

Further insight in(o the inlerfe,'ence effecls

in a choked wind tunnel within the region upsh'eam

of that influenced by wave reflection can be had in
axisymnu, trie flow, jus| as in two-dimensional

flow, if one considers tile asymptotic behavior of

the flow at _eat distances from the body. Guder-

Icy has examined this aspect or the presen| problem
in references 1 and 28, and has shown that the

deviation ACp* of the values for C_* from the
C'*corresponding values (p)M=:, for the same

body in an unbmmded flow with free-stream Math

number 1 is proportional to (l--hi,h) 'v's and in-

versely propor|ional to D/l' where l' is some length

characteristic of the length of the par| of the body

ihat can influence the subsonic part of the flow.

Combimdion of this result and the similarity rule

leads to the following pair of relations for AC,,* and

:l/_ fur a family of affinely related l>ndies:

(',,* P(.r//)

r_ (77_)'°"

1 --,1 Ia, (%n.st

(27)

(28)

Equations (27) aml (28) lead |o a series of

statements regarding the conditions under which
a choked wind tunnel is useful for the sinmlation

of an unl)ounded axisymnwtric flow with free-
stream Math number 1. These slaleme_ ts are

qualitatively similar [o those given for two-

dimensional flow following equations (8) and (9),

but differ quantitatively with respec| to the

t)owers to which the various quantities appear
in the results. One thus observes that the inter-

ference effects on the pressure distribution, as
signified t>y the values for ACt* , are inversely

proportion,d [o the 10/7 power of |he ratio I)/1 of

the dianleier of the wind tunnel to lhe length of

the body, and proportional to the 4/7 power of

the thickness ratio, h'om which il follows tim| smal-

h'r errors resull when smalh,r models are tested,

,rod l]lat, the mag,,itude of lhe interference effects
is smaller for |bin bodies than for lhM< 1)od:es.

$"
The quantity (Cp).,:_ that is intended Io be

silvtnhtletl is of the or(h,r of r=, however, and the

resul| emerges llml the relative error (kC',*)/

((p)M==I is inw, rselyproportional lo rm/r, anti is

hence once again larger for thin t_odies than for
flfick bodies. As in Ih,' case of lwo-dimensiomd

flow, equations (27) qnd (28) indicate lhal the

(lhol<ing Ma<'h mmlber depends on a differenl

combination D and r than does (AC, p*)/'(Ct,*)=_r, =_,

from which it follows that the quality of tilt. simu-

lation of a three-dimensional, as well as two-

dimensional, flow in a choked wind tunnel canno!

be judged by the nearness to unity of the choldng
Math mlmber.

Although the distinction between 1' and 1 has

been dropped in writing the above relations, since

the ratio of ill(, two quantities is a constant for nil

meml)ers of an affmely related family of bodies,

it should be noted just as in the ease of two-

dimensional flow that the total h,ngth an<t maxi-
mum thickness of the body are not the significant

lengths associated with the wind-tunnel inter-
ference in a choked wind tunnel. It follows once

again, h'om the fact that the dimensions of signifi-

cance are those associated with the part of the body

that can influence the subsonic part of the flow
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fiehl, tlmt interference effects at _[ach number 1

on a family of nonatIincly rehtted smooth bodies

of given length and thickness increase as the point
of maximum thickness is moved rearward +across

the length.

Application to unbounded flow with free-stream
Mach number 1, --The relations for axisymmetric

fiowin n choked wind tunnel given in the preceding

sections reduce to the appropriate forms for un-
1)ounded flow with free-stream Nlach number 1 as

the diameter of the test section is increased to

infinit.y. In such a case, the quantify Dr grows

beyond all bounds for a body of given geometry,

tmd disappears as a significant parameter in the

description of tile flow. Although the resulting

equations appear to be the simplest set of relations

capable of describing axisymmetrie transonic flows,
the difficulties of solution are even gTeater than

those associated with the equations for two-dimen-

sional transonic flow, and no exact, or essentially

exact, solutions exist for flow around a complete

body at free-stream Xlach mmfl)er 1. One of the
fundamental differences with the two-di,nensional

case is that the governing equations are not lin-

earized by application of the hodograph trans-

formation, and the diltieulties associated with
both the nonlinear character and the mixed type

of the equations must be faced simultaneoudy.
Inasmuc]l as the mathenlatical theory of such

equations is still in a rather early state of develop-

meat and methods have not yet been discovered

for the exact solulion of such equations, it is neces-

sary [o turn to approximate methods for the
solution of practical prot)lcms. Several such

approximate methods have been proposed in
recent years for the solution of axis3mm_etric flow

problems with free-stream Xlaeh number 1. Of

these, the most successful and also the most versa-

tile method is that. described briefly in references 3

and 29, and more emnpletely in reference 30. The
latter reference also includes brief reviews of many

of the other approximate methods together with

extensive comparisons of theoretical and experi-

mental results for a variety of bodies. Most of
the theoretical results to be presented in the

remainder of this paper are eit,her drawn directly

from the latter reference or are new results cal-

culated by application of the same procedures.

Application to flow in a choked wind tunnel,-
Attention is called to the fact that all of the

theoretical pressure distributions for bodies of

revolution given in this paper are for unbounded

axisymmetric flow with free-stream Math number

I. No solutions, either exact or approxinmtc, qre

presently available for the pressure distribut ion on
a body of revolution in a choked wind tunnel.

It is consequently not. possible to employ purely

theoretical considerations at the present lime lo

determine quantitative informal ion regarding the

numerical magnilude of interference effects in

axisymnwl.ric flow in a choked wind funnel. The

magnil utle of these effects is therefore inw,stigaled

in the following discussion by comparison of
theoretical results for an u,d)oundcd flow with

free-stream Maeh nu,nber l with experimental
results measured both in choked wind tunnels and

in conventional transonie wind tunnels having

either dotted or perforated walls.

COMPARISON OF EXPERIMENTAl, AND TtlEORETICAL

RESULTS

It may t)e recalled that all of the experimental

data presented in the preceding discussion of
two-dimensional flows are el)rained from the

existing body of l)ublished literalure. Althougtt
lhere is a g'reat almndanee of such data, and also

a growing supply of (lala from transonic wind

funnels x_qth partly open walls that provides

informalion on the pressures on bodies of revolu-

tion at Maeh nund)er 1, there is very little pub-

lished data that presents the corresponding re-
sults rot axis3qmnetrie flows that are measured

under choking conditions in wind tunnels with

solid walls. It has been necessary, therefore, to

conduct a series of tests for the express purpose

of acquiring such dala. This has been (lone in
the 12-Foot Pressure Wind Tunnel al Ames
Research Center. The test section of this wind

tunnel is essentially circular in eross section, with
a diameter of 12 feet,. The models were mounted

in the test section on sting-type model supports
that extend along the center line of the wind

tunnel, and were tested at zero angle of attack

with a tunnel stagnation pressure of about 5)2/

pounds per square inch absolute. Most of the

models were not. new, but were existing models
awtilal)le fronl previous tests in transonic wind
tunnels at Ames Research Center. The nmdels

were rel)olished t)cfore If'sting, and a new set of
orifices was installed in one of the models. Each

of the models had two rows of static-pressure

orifices located on opposite sides that extended

from nose to 1)ase. Multiple-tube manometers
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using water or tetrabromocthane (specific ga'avity

--2.95) were photographed to record the pressure
data. Static pressures were also measured simul-

taneously at several slations along the wall of the

lest. section to insure that the region or supersonic
flow extended to the wall and that the tunnel was

choked.

Cone-cylinder. Consider first the case of a
slender cone-cylinder. Figure 16 is a plot of the

results of pressure-distribution measurements on
two cone-cylinders. Both have a semiapex angle

of 7 °, but the diameter of one of the models is
1.35 inches and that of the other is 4.7 inches.

Although the two sets of results are clearly dis-

tinguishable, the differences are relatively small.

d

i

o4 ' B3
Cone -cylinder body

Cp' Choked wind tunnel J
r ;,245, O =12' B" b

12 r {_ ._ - _ - - 1
' Theory

./ / Zuhnel_rYu'ndedflow, McO=I 1

16 j -----I; Experimen!
/ o d= 1.55"

[9 d= 4.70"

Flogs denofe lower surfoce
.20 t _ __ & -

0 ? 4 6 8 JO
x/c

FI(H, TIRE 16. Comparison of pressure distributions mea-

sured on two different, cone-cylinders in a choked wind

tunnel and two theoretical pressure distributions for

unbounded flow with free-stream M',teh number 1.

Consideration of this facl_ together with the re-

sults indicated by equ'ltion (27), th,_t the inlof
ferenee effects on the smaller model shouhl be

only about 1/6 of those of the larger model, leads

to the conclusion that the pressure distributions
measured in these tests shouhl l)e very nearly

that associated with "unbotmded flow with free-

stream Maeh number 1. The solid line included

in figure 16 indicates the theoretical pressure dis-

tribution given in references 3 and 30 for a 7°

cone-cylinder in such a flow. It can be seen tlmt
the pressure distl'ibution indicated by the lbeo-

retical curve is similar in form to that indicated by

the experimental data, although displaced some-

what. The reason for this discrepancy is not

known, but it may t)e significant to note that the

nature of tile discrepancy is similar in many

respects to that observed in figure 7 for the
ft'ont fat:(, of the dout)h,-wedge airfoil. It is

again quite coneeiwd)le that conditions associated
with the vicinity or tile shar I) shouhler may be

responsible for a major part of the differences.

Also included in this figure is a plot of the pressure

distribution indicated by the nulnerical approxi-

mate solution of Yoshihara (ref. 31) 's for a cone-

cylinder with a semiapex angle of 1/10 radian

transformed so as to be appropriate for a 7 ° cone

by application or the similarity rule given by

equation (24). It is evident that this result does

not agree, even in form, with the other results

shown in figure 16.
The results shown in figure 16 for the 7 ° cone-

cylinder have an interest thai exceeds that which

wotfld normally l)e associated with a l)articular

body, since Page has shown in reference 2 that

interference effects of s.rprisingly large magnitude
are observed on the pressure distribution on such

a body at Mach numt)er 1 in tests in transonic
wind tunnels with perforated walls. The smaller

of tile two cone-cylinders for which data arm

presented in figure 16 was tested by Page in two

transonic wind tunnels of widely different size,

namely, the Ames 2- by 2-Foot and 14-Foot

Transonic Wind Tunnels. An interesting featm'e
of these wind tunnels is that the smaller is the

pilot model for the larger aml that the dimensions
of the test, sections, which are square in cross

section, and the construction of tile perforated

walls are very closely scale(t with regard to both

the proportion (5.4 percent) arid distribution of

the open and closed parts of the walls of the test
section. The results of the tests are presented in

figure 17 together with the two theoretical curves

fi'om figure 16. The experimental results meas-
ured in the two transonic wind tunnels are clearly

different from each other and also from both of

the theoretical results. In addition to the experi-

mental results, Page presented the results of an

al)proximate analysis of the interference effects

A correction, has been applied to Yoshihara's results to allow for a sign

error ill the qll,'ldratic term of tile expression for ('_.

1
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FIGURE lT.--Comparison of pressure distributions mea-

sured on a cone-cylinder in two different transonic wind

tunnels and two theoretical pressure distributions for

unbounded flow with free-stream Mach number 1.

at XIaeh number 1 in a transonic wind tunnel

with porous or perforated walls. This analysis,

which is patterned after a similar analysis for a
transonic wind tunnel with slotted walls given by

Berndt is reference 32, in<licates that substantial

interference effects occur in not only the results

obtained in the smaller wind tunnels but also those

obtained in the larger wind tunnel. It was shown

further, in reference 2, that the corrected data

from both tunmqs are in very good agreement with
each other over the rear half of the cone, but not

over the front part. It was subsequentlyshown

in reference 30 that application of Page's correc-

tion theory leads to a substantial improvement in

the a_eement with the theoretical pressure dis-
trilmtion developed in the same paper. The

differences apparent among the various results

over the fl'ont part of the cone are ldg]flighted

even more by these comparisons, however, and it

was subsequently suggested in references 3 and 4

that the correction theory given t)y Page may not

be entirely satisfactory. The various results

shown in figures I6 and 17 tend to support this

conjecture, and suggest furthernmre that the
interference effects on the results for tim small

cone in figure 16 and for the large wind tunnel in

figure 17 are very small. Such a conclusion seems

to be very reasonat)le in view of the unusuall,v
small size of the model relative to the test sections.

It does h'ave a certain discrepancy between the

best experimental and theoretical results un-

resolved, however, bul it is quite possible that this

may be associated with the conditions associated

with the vicinity of the sharp shouhler as suggest ed

in the preceding paragraph.

Parabolic-arc body.--The case of a parabolic-

arc body of revolution represents an example of
considerable interest because of the abundance of

experimental and theoretical results. The restdts

for the pressure distribution on the surface of

several such bodies with thickness ra, iios that vary

from 1/6 to 1/14 are presented in figures 18 throug|l

21. These data represent not only the resuhs of
measurements in a choked wind i tnmel with solid

walls, but also the results of tests in a variety of
transonic wind tunnels with both slotted and

perforated walls. The results inehlded in each

of the figures are divided into two or three sets
and for clarity of presentation are shown with

distflaced axes. Also inehtded in each of l}lese

figures is the eoryesponding theoretical pressure

distribution given in reference 30 for unbounded
flow with free-stream Mach nmnher 1. The

curves representing the theoretical results are

repeated for each of the axes on each of the fi_lres

so as to provide reference lines with which the

various experimental results may be compared.
It should t)e noted, however, that the theoretical

results refer to pressure distributions on complete

parabolic-arc bodies, whereas the experimental

results refer to the pressure dist rit)utions measured

on trun('ated parabolic-are bodies mounted on

cylindri('al supports that extend downstream from
the base of the model. The model supports,

moreover, are not geometrically similar with

respect to the bodies in the various tests, but are

as indicated I)y the drawings along tile axes used

for the presentation of the corresponding experi-

mental remdis. Although some effects of the

model support wouhl be expected to extend
forward of the immediate vicinity of the base of

the model, it. is anticipated that these effects are

small, and that the various results are comparable

over nearly the full length of tim experimental
bodies.

The results for the parabolic-arc body of thick-

ness ratio 1/6 are shown in three paris in figure 18.
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The experimental data presented in tile upper part

of Ibis figure refer to tile results obtained under

choking conditions in the Ames 12-Foot Pressure

Wind Tunnel for a body with a maximum diameter

of 10 inches. The experimental data presented

in the middle part of this figure refer to measure-

ments made by Dannenberg at an indicated MTach
number of I in the Amos 14-Foot Transonic Wind

Tunnel with the same model as was used in the

tests in the choked wind tunnel. The experi-

mental data presented in the lower part of figure
18 are from reference 33 and refer t.o the results of

measurements made by D,'ougge in transonic wind

tunnels with two slotted walls using a body with

a maximum diameter of 2-¢2 centimeters. Two

sets of data are included in this part of the figure.

They represent, the results obtained in two differ-
eat wind tunnels, the test sections of which

measure 90 by 90 centinmters and 45 by 48
centimeters.

It can be seen thai the experimental results

from the choked wind tunnel are in good agreement
with the theoretical results for unbounded flow

with fi'ec-stream Math number 1. All of the

results are in essential a_eement with regard to

the general nature of the pressure distribution on

a parabolic-are body of revolution at Math munber

1, but significant quantitative differences exist

among the results of measurements in the various
wind tunnels. As in the ease of two-dimensional

flow, the results from the transonic wind tunnels

imlic_tte values for the pressure eoeflqcient tlmt

are slightly more negative than those from the
choked wind tunnel. Of the various results from

the transonic wind hnmels, those from the 90-

by 90-centimeter wind tunnel would normally be
expected to be most. nearly interference-fi'ee since

the dimensions of the model are substantially
smaller relative to the dimensions of the test

section than for any of the other models for which

tb_la are shown in figure 18. This fact., together
with the obserwttion that the data from the 90- by

90-centimeter wind tunnel are in better agreement
with the theoretical results than are the data from

the 14-Foot Transonic Wind Tunnel, h, ads to the

conclusion that the theoretical pressure distribu-

tion indicated in figure 18, and hence also the

experimented results measured in tim choked wind

tunnel, arc very good approximations for the

pressure distrihution on a parabolic-are body of

revolut ion of thickness ratio 1/6 in an unbounded
flow with free-stream _[ach number I.

The results shown in figure 18 have also been

discussed from the point of view of an analysis of
interference effects in transonic wind tunnels in

references 3 and 4 where it is shown that applica-

tion of Page's correction formula leads to a sub-

stantial improvement in the agreement among the
results from _bc various transonic wind lmmels.

It is also shown in these references, however, that

the predictions indicated by the correction formula

are not entirely satisfactory. The evaluation of

proposed methods and the development of new

methods for the prediction of interference effects

in transonic wind tunnels is a subject somewhat

apart fi'om the principal goal of the present, in-

vestigation, however, and attention in this paper

will be confined, insofar as it is possible, to the

simpler problem of the evaluation of the usefulness
of the choked wind tumwl in the simulation of

unbounded flow with fl'ee-strcaln Mach number 1.

The results shown in figure 19 for the pressure
distribution on a parabolic-arc body" of revolution

of thickness ratio 1/12 furnish an interesting

contrast with those given in the preceding figure.
The theoretical results from reference 30 for an

unhounded flow with free-stream Math number 1

are presented in figure 19 together with two sets
of experimental results, bottt for the same model
which had a maximum diameter of 6 inches. The

data presented in the upper part of this figure
refer to the results obtained under choking condi-
tions in the Ames 12-I'ool Pressure Wind Tunnel.

Those presented in the lower part refer to the
results measured at an indicated Much mmabcr 1
in tl_e Ames 14-Foot Transonic Wind Tunnel and

reported in refe,'cnce 34 by Taylor and McDevitt.

It can be seen that the relationships among the

various experimental and theoretical results arc

substanlially the same as for the body of thickness

ratio 1/6 over the front part of the body, but thai

substantial discrepancies appear among the results

at stations rearward of about 60 percent of the

body length. The experimenlal data obtained in

the choked wind tunnel are, moreover, generally
on the opposite side of the theoretical eurve r,'om

the ex-pcrimental data obtained in the transonic

wind lunnel with parlly open walls.

Similar effects, although larger in magnitude,

arc immediately apparent in the eorrespomling
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results presented in figures 20 and 21 for two

different parabolic-arc bodies of thickness ratio
1/14 with maximum diameters of 6 and 8 inches.

The ma_m_itude of the interference effects observed

in these results is so large, in fact, that the data
from both the choked wind tunnel and the tran-

sonic wind tunnel are almost useless as an indi-

cation of the pressure distributions that occur on

these particular bodies in an unbounded flow with
free-stream .h[ach number 1.

Ex_mfination of the various results shown in

figures 19 through 21 discloses a consider'tble

variation for each body. The differences between

a given pair of experimental alld theoretical restflts

are generally of opposite sign on the fl'ont and

rear of each body, and are, moreover, of such a

nature IJlat the theoretical pressure distribution

for unbounded flow with fl'ee-stream Mach num-

ber 1 is somewhere between the experimental
results measured i_l the choke(] wind tunnel and

those measured in the transonic wind tunnel. It

can be seen, in particular, thai the values for the

pressure coefficient measured in the choked wind

tunnel are too positive on the front of the body
and too negative on the rear for agreement with

the theoretical result. This observation, when

considered togeth(,r with the qualitative discus-

sions presented in some of the preceding sections

of this paper, provides a strong indication that
interference effects of the type described in con-

nection with equ'_tions (27) and (28) are present
on the froHt of the bodies, but that these effects

are overbalanced on the rear of the bodies by
interference effects of the wave reflection t3_pe.

T3

!iI I

_1 l ¸



SIMULATION OF FLOW WITH FREE STREAM MACH NI2MBER 1 27

-15

-.10

-.05 - 15

0 -IO

D5 -05

¢_

I0 0

.15 05

.2O

.25

P robohc or ¢jo 0 ¢_¢I

_- _ Solid wall, choked

'_ _ ---_- 0 12' Pressu_re Wind

Tunnel, Dr: 6/49

Per forofed wall,

- o 14' Transonic
Wind Tunnel

Flogs denole lower

surface

I0

.E5 / _ . -

.20 ...................

0 2 5 .4 6 .7 8 9 f05

x/l
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maximum diameter 6 inches.

A etwek on the validity of t.he first part. of the

preceding statement can be made by comparing

the differences between the experimental results
measured in the choked wind tunnel "rod the

corresponding theoretical results for an unbounded
flow with free-stream Maeh number 1 with the

predictions provided by the simila.rity rule given

by equat.ion (27). This rule, which sta.tes that

the absolute ma_mlitude of the interference effects
on the pressure coefficient are proportional to

r_/r/Dl°/7, indicates that the interference effects

are smallest for the body of thickness ratio 1/12,

about 15 percent larger for the body of thickness

ratio 1/6 and for the smaller body of thickness

ratio 1/14, and about 70 percent greater for the

larger body of thickness ratio 1/14. It can be

seen that the differences among the various experi-
mental and theoretical results are in ,_t. least

qualita.tive agreement with these predictions over
the front of each of the four bodies.

The validity of the statement that the inter-
fercnec effects on the rear of the bodies of thick-

ness ratios 1/12 and 1/14 are due predominanlly

to wave reflection phenomena can be checked by

examination of the chara.ete,'istic diagram pre-

sented in figure 22. This diagram shows an

abridged plot of the characteristic lines for an
unbounded flow with free-stream NIach lmmber I

about a parabolic-are body of thickness ratio 1/6.

It, is taken from reference 35 by Oswatitseh and

has been calculated by use of the linearized theory
of sonic flow described by Oswatitseh and Keune

in reference 36 to compute the conditions along

the sonic line, and by use of a simplified metlmd

of clmractcristics based on the nonlinear equations

of transonic flow theory to compute the conditions
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in the supersonic region. The solid horizontal

line represents the position of the wall in the tests

of the body of thickness ratio t/6 in the 12-Foot

Pressure Wind Tunnel. This diagram shows that
the wind-tunnel walls are sufficiently far away

that the results for this particular body should be

uninfluenced by interference effects of the wave
reflection type. This result appears to be in com-

plete a_eement with the observed properties of
the results measured in the choked wind tumw]

and presented in figure 18. The broken horizontal

lines represent, the positions of the walls relative
to the characteristic network for the tests of the

bodies of thickness ratio 1/12 and 17t4. The
resuhs for these bodies are obtained from those

for the body of thickness ratio 1/6 by application
of the transonic similarily rule for axis3nnmetric

flow, which states that the flow fiehls associated

with sonic flow past an affinely related family of

slender bodies or revolution can be brought into

coincidence by stretching the lateral coordinates
in inverse proportion to the thickness ratio. The

results are plotle(l in figure 22 with a (lislorled

lateral scale so tirol a single clmraelerislie dhgram
will suffice for all cases. It is evident that the

wind-tunnel walls are no longer sufficiently far

away to prevent some of the characteristics tlmt
reflect fl'om the walls fi'om impinging on the rear

of lhe bodies of thickness ratios 1/12 and 1/14.

These results show, moreover, that t.he most

forward reflected characteristic strikes the body

at ,tbout 55 percent of the body length in the

tcsls of the body of thickness ratio 1/12, about

50 percent of the body length in the tests of the

smaller body of thMcness ratio 1/14, and about 40

percent of the body length in the tests of the

larger body of thickness ratio 1/14. The effect of
the reflected characteristics striking the body is to

i
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make the pressure coefficients more negative, since

the outgoing characteristics represent expansion
waves that reflect fronl the solid wall of the tunnel

as expansion waves. Evidence of the absence or

presence of such effects is clearly visible in the
results of the tests in the etmked wind tunnel

presented in figures 18 through 21.

Objection might be raised to the argument

presented in the preceding paragraph on the
basis that the characteristic diagram is not only

calculated by means of an approximate theory,
but applies to an unbounded flow with free-
strcaln _[l/ch number 1 rather than to a flow in

a choked wind tunnel. Although considerable

evidence has been given in the preceding discus-

sion showing that the eonditions in the vieinity

of the body are very similar in t.hese two flows,

very lit.tle information has been provided regard-

ing the conditions at _enter distances from the
body. Figure 23 lms been prepared, therefore,

to provide a comparison of the t.hoorefieal and

experimental results for tlw location of the sonic

point, along the wall of the test. section for each of
the tests in the 12-Foot Pressure Wind Tunnel.

In this figure, the calculated Dosition of the sonic

point is indicated by a filled symbol for each of
the four bodies, and the corresponding local Maeh

number distribution measured along the wall of

the test section is indicated by a series of similar

open symbols. Although the experimental data

are rather limited in quantity for each of the

bodies, it can be seen l_hat the theoretical and

experimental results are in good agreement.
This observation serves further to confirm the

conclusion that substantial interference effects of

the wave reflection type are present in the ex-

perimental results obtained in the 12-Foot Pres-

sure Wind Tunnel fro" the pressures on the rear

of t.tm parabolic-are bodies of thickness rMios
1/12 and 1/14.

It is important to note before h, aving the

diseussion of parabolic-are bodies ttmt the results
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of the test section of lhe Ames 12-Foot Pressure Wind

Tunnel in the tests under choking condition of four

different parabolie-are bodies of revolulion.
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of the tests in tile transonic wind tunnels (figs. 19

through 21) also display umnistakable evidence

of the presence of interference effects of the wave

reflection type, although of opposite sign, at
about the same station on each of the bodies as

in the tests in ill(' choked wind tunnels. Although
the test section of the 14-Foot Transonic Wind

Tunnel is somewhat larger than that of the 12-

Foot Pressure Wind Tunnel, it can be seen from

figure 23 that the most forward point at which
such effects would be expectcd to be observed is

indeed only very slightly farther aft in the tran-
sonic wind tunnel than in the choked wind tunnel.

The sign of tile interference effects in the tran-

sonic wind tunnel is not so simple to ascertain

theoretically, since the reflections from the, solid

part of the wall are expansion waves and those
from the open part of the wall arc compression

waves. It appears from the results presented in

figures 19 through 21, however, that the influence

of the reflections from the partly open wall of

the 14-Foot Transonic Wind Tunnel is very

nearly equal in magnitude but opposite in sign
to that of the reflections from the solid wall of

tile 12-Foot Pressure Wind Tunnel. This aspect
of wind-tunnel wall interference imposes strong

restrictions on the maximun_ length of bodies for
which reliabh' results can be determined in either

a transonic wind tunnel with partly open walls

or a solid-wall wind tunnel operating in the choked

condilion. These restrictions become increasingly

severe, moreover, as the thickness ratio is dimin-

ished, and it is necessary to use models that are
not only smaller in diameter but also stmdler in

length to prevent the reflected waves from im-

pinging on the rear of the model.

Smooth bodies with maximum thickness at 30

and 70 percent of the body length,--It was sho_al

in the preliminary qualitative discussion of
interference effects at Math number 1 that inter-

ference effects of the subsonic type observed on

the front of a body of given thickness ratio and

length tend to increase as tlle point of maximum
thickness is moved rearward along the length of

the body; whereas interference effects of the wave

reflection type observed on the rear of the body

tend to increase as the point of maximum thick-
hess is moved forward. These effects are illus-

trated by an interesting set of theoretical and

experimental results presented in figures 24, 25,
and 26. The e_:perimental data refer to the

pressure distril)utions measured in the Ames
12-Foot Pressure Win(t Tunnel and in the Ames

14-Foot Transonic Wind Tunnel on a pair of

bodies, one of which has the point of naaximum

thickness located at 70 percent and the other at

30 percent of the body length. Both bodies have

a thickness ratio of 1/12 and a maximum diameter

of 6 inches. It may be noted that the two bodies
have the same thickness ratio and maximum

diameter and were tested in the same two wind

tunnels as the parabolic-arc body for which results

are shown in figure 19. The results shown in
figures 19, 24, and 25 are thus directly compa-

rable, and may be considered as a single family to

illustrate the effects of the location of thc point
of maximum thickness.

The ordinates of the surface of the bodies for

which experimental data are presented in figures

24, 25, and 2(} are given, respectively, by

and

Rfl= A[ (x/1) -- (x/l)"] (29)

Rfl----A[(1 --x/l)-- (1 --x/l) "] (30)

where A is related to the thickness ratio r and n by

Clan� (n--l)

and n and r have the values 6.03 and 1/12. Both

of the bodies are truncated at the station along
the rear where tile diamet cr is half of the maximum

diameter in order to permit the model to be

mounted on the support. The experimental data
from the Ames 14-Foot Transonic Wind Tunnel

arc taken from reference 37 by McDevitt and

Taylor and need no further description here.
The data from the Ames 12-Foot Pressure Wind

Tunnel were obtained with tile wind tunnel

operating in the choked condition, and with the
same model used in the tests in the transonic wind

tunnel. The results for the pressure distributions

measured on the surface of each body are shown

in figures 24 and 25, and those for the local Maeh

number distributions measured along the wall of

the chol_ed wind tunnel arc shown in figure 26.

The theoretie_fl pressure distributions shown in

figures 24 and 25 are again those indicated for an
unbounded flow with free-stream Math number 1

by the approximate theory of reference 30. The

latter results are for a comI)lete body with ordi-
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Fi(;unE 2-t.- Experimental and theoretical pressure distributions for body of thicl,-ness ratio 1,'12 with maximum thickness

at 70 percent of the body length.

hales very slightly different from those of the wind

lunnel models, inasmuch as the exponent 6.03

thai appears in equalions (29), (30), and (31) has

been replaced by 6 to simplify the ealeulalions.
The theorelical pressure dislributions for these

bodies have not been given previously, but have

been computed following exactly the same pro-
eedm'es as arc described in reference 30 for the

parabolic-are bodies. The resulting vahws for
Cp* along the surface of the bodies arc talmlated

in table I and are plotted in figures 24 and 25

together with both sets of experimenial results.
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Inspection of the results for the body with

maximum thickness at 70 percent of its leng0_

(fig. 24) re_'e_ds that the two sets of experimental

data are in essential agreement with each other,
and also with the them'el,ca] results for an un-

bounded flow with free-stream Mad, nunfl)er 1.

It is quite clear, however, tha! the theoretical

values for tim positive pressure coefficients along
the forward part ()f the body are slightly smaller

than those measured in the choked wind tunnel,

and slightly greater than those measured in the
transonic wind tunnel. Furthermore, these differ-

enees are somcw]mt larger than those present in

the corresponding results for the parabolic-arc

body shown in tigure 19. On the other hand, the
differences among the three sets of results are

smaller over the rear of the present body than they

are over the rear of the parabolic-arc body.

Comparison of the results given in figures 26 and

23 show also that the location of the sonic point

along the wall of the wind tunnel is somewhat
farther aft than in the case of the parabolic-arc

body. These observations are consistent with the
proper'ties of wind-tunnel interference describe(]

briefly the outset of this section.

Similar inspection of the results for the body

having maximum thickness at 30 percent of its

length that are presented in figure 25 reveals

trends that are quite the opposite of those ob-

served in the results given in figure 24. These

trends, however, are still consistent with the

properties of wind-tunnel interference deseril)ed

above. It ('an be seen, in particular, that all of the

experimental and theoretical results are in a_ee-

meat over the forward part of the body, but that
substantial differences develop among the various

results over the rear of the body. The latter dif-

ferences are, in fact, the most strildng or all those
to be seen in the many comparisons of theoretical

and experimental results given in this paper. The
results h'om the transonic wind tunnel indi('ate

that the reeompression along the rear of the body

begins ,It: about the point of maximum thickness,

and proceeds gradually in general a_eement with

the trend indicated by the theoretical pressure

distribution, until, at a point, well upstream of rite

base of tt_e model, a region of rapid recompression

is encountered. The pressures indicated by the
experimental and theoretical results are widely

different downstream of this region, and the gen-

eral appearance of the results strongly suggests

that the rapid reeompression observed in the ex-

perimental pressure distribution is associated with

the presence of a shock wave oriented nearly
normal to the flow. The results from the choked

wind tunnel also indicate that the reeompression

along the rear of the body begins at. ,lboul the

point, of maximum thickness, and proceeds gradu-

ally in general aweement with the trend indicated
by the theoreti('al pressure distrihulion. No

region of rapid reeompression is observed, how-

ever, and the flow continues to decelerate smoothly

until nearly sonic velocity is reached whereupon

a region of rapid expansion is observed over the

remainder or the length of the body. Ahhougl_

the possibility of such a 1)ehavior is readily under-
standal)le qu'ditatively in terms of wind-nmnel

interference effects of the wave reflection type

that wouhl be anticipated to occur when the sonic

point on the wall is as far forward as it is indicated

to be for this body in figure 26, the magnitude and

abruptness of the expansion were so striking that
the model was remounled i, the wind tunnel at

a later date and a second set of measurements

were made. The data obtained in both tests are

included in this fi_lre, and it. is readily apparent

that the two sets of results are in essential agree-
ment. The results obtained in lhe choked wind

tunnel and in the transonie wind tunnel are very

different over the rear of this particular body,

however, and it is highly unlikely that either set

of experimental results represents a good approxq-
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marion for the pressure distribution oll this body
in an unbounded flow wilh free-stream Math

number 1. It is quite possible, on tile other hand,

that a good approximation is provided once again
by the theoretical results, since they agree with

the experimental results in regions where inter-

ferenee effects are not expected to be significant

and are intermediate between the experimental
results obtained in wind tunnels with solid and

partly open test sections in the regions where inter-

ference effects of opposite sign are expected in the
two _qnd tunnels.

CONCLUDING REMARKS

In summary, two principal conclusions emerge

from the foregoing investigation of wind-tunnel
interference effects in two-dimensional and axi-

symmetric fows. The first is that the experi-

mental data support the general result indicated
by theory that the flow in the vicinity of tile model

in a test section having solid walls and operating
in the choked condition has a close resemblance to

that in an unbounded flow with free-stream Maeh

number 1, provided the dimensions of the model

are sufl3ciently small compared with those of the

test section. II, appears, furthermore, that the
results obtained in this way are at least as accurate
as those obtained in _ transonic wind tunnel with

partly open test section. Tim second conclusion

is that substantial interference effects, particularly

those of the wave-reflection type, may be en-

countered under certain conditions, both in choked

wind tunnels and in transonic wind tunnels, and
that the reduction of these intcrrerenee effects to

acceptable limits may require the use of models of

unusually small size. A further result of some-

what secondary significance in the present, investi-

gation is that the theoretical pressure distributions

indicated by transonic flow theory for unbounded
flows with free-stream Mach number 1 continue

to be or ahnost surprising accuracy, considering

both the small perturbation approximation in-

herent in the fundamental equalions of the theory

and Ihe novel nature of sonic of the procedures
used to obtain approximate solutions of these

equations.

The results or this investigation rot" axisym-

metric flow are of interest not only because of the

frequent use of a body of revolution in aeronau-
tical (h,sign, 1)ut also because of /he central role

of thc t)ody of revolution in applications of the
transonic area and equiwdence rules. It should

be note(t, moreover, that the fundamental prop-

erty of the flow associated with these rules

provides a strong suggestion tlmt conclusions

similar 1o those given in tile preceding paragraph

woul(l also be found upon investigalion of lhree-

dimensional flows withoul axial symmetry. This

possibilily, together with the demonslrated exist-

ence or interference effects of large magnitude in

transonic wind tunnels wilh partly open walls,
should provide ample assurance that the con-

tinued investigation of the usefulness of a choked
wind tunnel foE" the simulation of an unbounded

flow with free-stream Maeh number 1 is a worth-
while task.

AMES I:_ESEARCII CENTER

-_ATIONAL AERONAVTICS AND SPACE ADMINISTRATION

.'MOFFETT FIELD, CALIF., Jan. 20, 19(10
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TABLE I.- CALCULATED PRESSURF DISTRIBUTION FOR BODIES OF TItICKNESS RATIO 1/12 WITII

MAXIMUM THICKNESS AT 30 AND 70 PERCENT OF TIIE BODY LFNGTII

(a) (xfl)R_.z=0.70 (b) (z//)R=. =0.30

xfl C_*

Parabolic

0. 0173085

• 0373(_5

• 0573085

.0773085

• 0973085

.1173085

.1373085

.1573085

.1773085

.1973085

.2173085

.2373(_ 5

.2573085

,27,'3O85

.2973085

.3173085

.3373(_5

,3573tXq 5

.3773085

• 3973085

,4173O85

.4373085

.4573085

• 4773005

• 4973085

.5173085

.5373085

.5573085

.5773085

.5973085

.6173055

.6373085

• 6573085

0. 077898

.0_9784

• O0527,0

• 062034

• 059465

.057267

•055813

.053490

.051755

• 050037

• 0_8316

• 046_4

•044675

• 0t2688

.040548

• 03_210

• 035,47

• O328O6

• 0,29665

• 026165

.022277

• 017956

• 013158

• 007844

• 001972

-, OO1491

--. 011_8

--. 019345

-. 027815

--. 037004

--. 016930

-. 057658

--, 009127

xll Cn*

0. 6773085 -0. 081400

•6973085 --. 094422

. 7173085 --, 108154

• 7373085 --. 122544

• 7573085 --. 137425

• 7773085 --. 152642

. 7973085 --. 167848

. S173085 --. 182658

.8373085 --. 196485

llypcrbolic

0.8373085 -O. 196485

.8473085

.8573085

,8673085

.8773085

.8873085

.8973085

.9073085

,9173085

.9273085

.9373085

--.201940

--. 20r_67

--. 208455

--. 208568

--.205703

--,198917

--, 186908

--. 167791

--, 138591

--.093257

Elliptic

O. 9.100 - O. 0766

. 041932 --. 060891

• 9500 --. 0055

.96OO .0618

.9700 .1351

.9800 .2240

.9900 .3610

x/l C_*

Parabolic

O. 0036582

.0136582

.0236582

• O336582

.0136582

.0586582

.0636582

•0736582

.0_36582

• 6936582

. 1036582

.1136,r_2

• 1236"582

.1336582

. 14365_2

.153o582

. 16365S2

.1736582

.1836582

• 1936582

.2036582

.2136_2

.2236582

• 2336582

• 2436.582

.2536.')82

• 26365,_ 2

0. 834674

• 484435

.360727

• 2_2695

• 225524

• 179877

• 141966

• 109431

• 080835

.055425

. O32590

.011877

--. 006872

--. 023914

--. 039664

--. 053677

--. O66727

--. O78340

-. 088950

--. 098431

--, 106928

--. 114470

--. 121116

--. 126931

--. 1319_

--.136271

--.139914

zfl C_*

O. 3836582 -0. 129541

.4036_2 ,121825

. 4236_)82 --. 113400

• 4436,582 --. 104448

. 4636,v:_2 , 005274

.483[L")82 --. 0_5997

.5036582 --. 07(')852

. 5236582 --, 067892

.5136582 --. 059293

• 5636582 --. 051054

• 5836582 . 013302

• C036_2 --. 035993

• 6236582 --. 029212

• rA36r)82 --. 022S_3

• 6636582 --. 017062

. 6836._)82 --. 011638

• 7036582 --. 00r_603

Elliptic

ii

O. 7136,_)82 -0. 004470

.7236_2 --. 0030,t8

.7336_2 --. 001761

.7436_2 --. 000576

.7586,_2 .000476

• 7636582 . (101548

• 7736582 • 002485

. 7836582 • 003447

. 8036,582 . 005173

ttyperbolic

O. 2636_2 --0. 139914

.2836h82 --. 144579

• 3036582 --.116046

.3236_2 --.144829

.3136,_q2 --.141398

.3_36582 --. 136177

• 8236582

.8436582

.8636582

.8836582

.9036,582

. o236582

• 9136582

• 9636582

• 9836582

,000777

• 008308

.009810

.011335

• 01_40

.014714

.016805

.019554

.024215





l


